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The phonon confinement and self-limiting oxidation effects of silicon nanowires SiNWs
synthesized by laser ablation were investigated. The size of SiNWs was controlled by the synthesis
parameters during laser ablation and the subsequent thermal oxidation. Thermal oxidation increases
the thickness of the SiNWs’ surface oxide layer, resulting in a decrease in their crystalline Si core
diameter. This effect causes a downshift and asymmetric broadening of the Si optical phonon peak
due to phonon confinement, while excess oxidation causes an upshift due to compressive stress. The
compressive stress retarded the oxidation of the SiNWs by self-limiting oxidation effect. This result
shows that the Si core diameter can be controlled by compressive stress. © 2006 American Institute
of Physics. DOI: 10.1063/1.2218386I. INTRODUCTION
One-dimensional semiconductor nanowires such as sili-
con nanowires SiNWs are of great importance due to their
interesting physical properties and potential for application
as electronic and optical devices,1–3 bio/chemical sensors,4
and probe microscopy tips.5 Furthermore, it has proved pos-
sible to realize nanomanipulators if SiNWs can be created
according to design.6
In order to realize the above-mentioned applications, it is
important to investigate size control and the quantum size
effects that vary with their diameters. Generally, SiNWs are
synthesized by laser ablation7–10 or chemical vapor deposi-
tion CVD.11,12 In the latter case, the diameter can be con-
trolled by the size of the metal catalyst particles which are
placed in advance. This growth mechanism is called the
vapor-liquid-solid VLS mechanism.13,14 On the other hand,
the advantage of the former method is that SiNWs can be
synthesized in the gas phase without forming or placing
metal catalysts of nanometer size as seeds for SiNWs. Not
using nanometer-scale metal catalysts, however, does not
allow the size and location of SiNWs to be controlled
effectively.
Size control of SiNWs is important for studying the ef-
fects of quantum confinement,15 which is one of the unique
physical properties of nanostructures. Until recently, a blue-
shift in the photoluminescence peak,16 increased electronic
band gap,17 and shifts of the optical phonon peak of Si Refs.
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ing diameter. Adu et al. investigated the phonon confinement
effect in SiNWs with different diameters and observed a
downshift and broadening of the Si optical phonon peak.20
More recently, we have also investigated the phonon con-
finement effect of continuously thermally oxidized
SiNWs.10,21 Thermal oxidation of the SiNWs clearly resulted
in a gradual downshift and broadening of the Si optical pho-
non peak as a result of a stepwise decrease in the diameter of
the SiNWs. Furthermore, excess oxidation produced an op-
posite change to the phonon confinement effect; namely, an
upshift of the Si optical phonon peak due to compressive
stress. In this study, the effect of the surface oxide layer on
stress was also investigated, since the Si core diameter of the
SiNWs can be self-limited by it. Here, the formation of a
highly stressed oxide increases in the activation energy of
oxidant diffusivity and a resultant decrease in the oxidation
rate.22,23 This effect is called self-limiting oxidation. Until
now, this effect has been investigated only in lithographically
formed Si nanocolumns.22,23 No experiments have been car-
ried out up to now on SiNWs synthesized using a bottom-up
method such as laser ablation.
In the present study, first, to achieve the size control of
SiNWs even when using laser ablation, we synthesized
SiNWs under various conditions and investigated the depen-
dence on the synthesis parameters such as content of catalyst,
synthesis temperature, laser power, and pressure of flowing
gas during laser ablation. The phonon confinement effect that
depends on the diameter of the SiNWs was investigated by
using thermally oxidized SiNWs or SiNWs synthesized un-
der different conditions. Self-limiting oxidation due to accu-
© 2006 American Institute of Physics11-1
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dized SiNWs to investigate the feasibility of controlling the
Si core diameter of SiNWs.
II. EXPERIMENT
SiNWs were synthesized by laser ablation of a Si target
with a nickel Ni or an iron Fe catalyst. Four kinds of
Si–Ni targets, namely, Si99.5Ni0.5, Si99Ni1, Si95Ni5, and
Si90Ni10, and four kinds of Si–Fe targets, namely, Si99Fe1,
Si98Fe2, Si95Fe5, and Si90Fe10 targets were used. Each target
was placed in a quartz tube and heated to 1000–1200 °C in
flowing argon Ar gas at 50 SCCM SCCM denotes cubic
centimeter per minute at STP. The temperatures were, re-
spectively, determined from the eutectic point of Si–Ni and
Si–Fe alloys. Ar gas pressures were set at 100, 300, 400, 500,
600, and 700 Torr to investigate appropriate growth condi-
tions, and almost all syntheses were carried out at 500 Torr.
After reaching the designated temperature, a frequency-
doubled Nd:YAGyttrium aluminum garmet laser wave-
length of 532 nm was focused on the target. To avoid con-
tinuous irradiation of the same position, the focused point
was scanned during laser ablation. The laser power was
mainly about 200 mJ”pulse and partly 100 mJ”pulse, with a
pulse duration of 7 ns at 10 Hz. In previous studies,7–9
SiNWs synthesized by laser ablation were collected on a
water-cooled copper finger or the inner wall of a quartz tube
enclosing the copper finger. It was therefore necessary to
collect SiNWs from where they were deposited places after
the synthesis. In this experiment, to improve this task,
SiNWs were directly collected on a Si substrate which was
placed on a water-cooled molybdenum holder. Owing to this,
SiNWs could be observed while being deposited. A propor-
tion of the specimens were thermally oxidized at tempera-
tures from 700 to 1000 °C for 30 min in O2 gas at a pressure
of 200 Torr to investigate the phonon confinement effect.
Furthermore, to investigate the self-limiting oxidation of the
SiNWs, isothermal oxidations were performed at 800 and
1000 °C.
Scanning electron microscopy SEM: JEOL, JSM-5610,
20 kV and transmission electron microscopy TEM: JEOL,
JEM4000EX: 400 kV, JEM-2010: 200 kV were used to ob-
serve SiNWs and to investigate their detailed structures.
Micro-Raman scattering measurements were performed at
room temperature RT with a 100 objective and a 532 nm
excitation light at 0.02 and 20 mW.
III. RESULTS
A. Size control of SiNWs
A representative SEM image of SiNWs synthesized at
1200 °C using a Si99Ni1 target is shown in Fig. 1a. Here-
inafter, we call these SiNWs 1200 °C SiNWs. The image
shows a large number of SiNWs deposited on a Si substrate.
TEM images of 1000 and 1200 °C SiNWs are shown in
Figs. 1b and 1c, respectively. The TEM image in Fig. 1c
is shown at high resolution in Fig. 1d, which clearly shows
the Si lattice fringes inside the SiNWs, indicating that the
SiNW is sheathed with an amorphous SiOx x2 layer; the
core is crystal Si. The average Si core diameters of 1000 and
Downloaded 09 Nov 2009 to 130.158.56.186. Redistribution subject to1200 °C SiNWs were about 10 and 17 nm, respectively. The
diameter of SiNWs is controllable by changing the synthesis
parameters.
The dependences of the diameter of SiNWs on the syn-
thesis temperature and the content of Ni catalyst are shown
in Fig. 2. Here, the diameter of the SiNWs is the total diam-
eter of the Si core and the surface oxide layer as estimated by
SEM measurements. The synthesis temperatures were set at
1000, 1100, and 1200 °C, since the eutectic point of Si–Ni
alloy is around 970 °C. The diameter of the SiNWs closely
depended on both the synthesis temperature and the content
of Ni catalyst, i.e., it decreased with them. The dependence
on the content of catalyst was also investigated in the case of
FIG. 1. a Representative SEM image of the SiNWs synthesized at
1200 °C and TEM images of the SiNWs synthesized at b 1000 and c
1200 °C. A high-resolution TEM image of 1200 °C synthesis 1200 °C
SiNWs is shown in d. The SiNWs were synthesized using Si99Ni1 targets.
FIG. 2. Dependence of the diameter of the SiNWs on a synthesis tempera-
ture and b content of metal catalyst.
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eutectic point of Si–Fe alloy is around 1200 °C. The diam-
eter decreased with decreasing content of Fe catalyst, similar
to the result for the Ni catalyst, as shown in Fig. 1. The value
obtained at 1200 °C in the case of the Ni catalyst was greater
than that of Fe catalyst, showing that the diameter also de-
pends on the type of metal catalyst. Hence, SiNWs with
smaller diameters can be synthesized by decreasing the syn-
thesis temperature and content of the metal catalyst.
Argon gas pressure also affects the growth of SiNWs,
since it promotes the clustering of Si atoms and metal cata-
lyst as seeds of SiNWs and also promotes the further addi-
tion of Si atoms that trigger the growth of SiNWs. Under our
experimental conditions, SiNWs could be synthesized at Ar
gas pressures ranging from 400 to 600 Torr. No SiNWs were
observed at 100, 300, or 700 Torr. These results show that
pressures lower than 400 Torr are not sufficient to form
nanoclusters of Si and metal atoms, while pressures higher
than 600 Torr promote further clustering, leading to the dis-
turbance of one-dimensional growth by supersaturation of
the clusters. An Ar gas pressure of 500 Torr was the most
appropriate under our experimental conditions. We had pre-
viously investigated the dependence on laser power during
laser ablation and found that average diameter decreases with
decreasing the laser power.6
B. Optical phonon in SiNWs
1. Dependence on synthesis temperature
The phonon confinement effect depending on the diam-
eter of the SiNWs was investigated by micro-Raman scatter-
ing measurements with two different excitation powers of 20
and 0.02 mW, respectively. In the case of Raman measure-
ments, SiNWs were collected not on Si wafers but on SiO2
substrates to avoid Si substrate effects and to observe only
the Si optical phonons from the SiNWs. This method enabled
us to deposit a large number of SiNWs at a time and to
increase the Raman intensity, resulting in more precise
analysis of peak shift and broadening of the Si optical pho-
non peak. In addition, we were able to apply thermal oxida-
tion and HF treatment to the same SiNWs in the same speci-
men. A downshift and asymmetric broadening of the Si
optical phonon peak of the SiNWs were observed in the Ra-
man spectra shown in Fig. 3. The Si optical phonon peak
shifted toward the lower frequencies with a decrease in the
synthesis temperature, showing a decrease in the diameter of
the SiNWs. The downshift observed for 0.02 mW excitation
was about 1 cm−1 for the 1000 °C SiNWs. The Si optical
phonon peak moved to lower frequencies and broadened as
excitation laser power increased. The degrees of both the
downshift and the peak broadening became increasingly de-
pendent on the size of the SiNWs with increasing excitation
power.
2. Dependence on oxidation temperature
The phonon confinement was also investigated for ther-
mally oxidized SiNWs, as shown in Figs. 4 and 5. Thermal
oxidation increases the thickness of the SiOx x2 layer
and consequently decreases the diameter of the Si core. To
Downloaded 09 Nov 2009 to 130.158.56.186. Redistribution subject toinvestigate the phonon confinement effect in SiNWs with
different diameters, both the 1000 and 1200 °C SiNWs were
thermally oxidized at temperatures from 700 to 1000 °C for
30 min in O2 gas at a pressure of 200 Torr. The Raman
measurements were performed at an excitation power of
0.02 mW to prevent local heating effects of irradiation by the
excitation laser. This will be discussed in Sec. IV. The Si
optical phonon peak slightly shifted towards lower frequen-
FIG. 3. Optical phonon peaks of the SiNWs measured by micro-Raman
scattering at excitation powers of a 20 and b 0.02 mW. c Dependence
of the Raman shift of the Si optical phonon peak on synthesis temperature
and excitation power. The SiNWs were synthesized using a Si99Ni1 target.
FIG. 4. Dependence on oxidation temperature of the Si optical phonon peak
of the SiNWs synthesized at a 1000 and b 1200 °C. The SiNWs were
synthesized using a Si99Ni1 target.
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800 °C for the 1200 °C SiNWs and 700 °C for the 1000 °C
SiNWs. The downshift is due to phonon confinement, while
the upshift is caused by the increased compressive stress due
to the progress of surface oxidation.10,21 The optical phonon
peak of the 1000 °C SiNWs before and after thermal oxida-
tion at 700 °C showed a lower shift than that seen in
1200 °C SiNWs. Furthermore, the upshift of the Si optical
phonon peak of the 1000 °C SiNWs was observed from
lower oxidation temperatures than 1200 °C SiNWs.
Figure 6a shows the diameter of the Si core of SiNWs
estimated by TEM measurements as a function of the oxida-
tion temperature. The representative TEM images observed
for the as-synthesized and thermally oxidized SiNWs are
shown in Figs. 6b–6d, and an illustration of the oxidation
of the SiNWs is shown in Fig. 6e. The Si core diameter
decreased with increasing oxidation temperature. Figure 6
also shows the ratio of the diameter of the SiNWs to that of
the Si core of the SiNWs as a function of the oxidation
temperature. The figure shows an abrupt increase at
1000 °C.
3. Dependence on oxidation time
To investigate the self-limiting oxidation effect in
SiNWs, the dependence of the optical phonon peak on ther-
FIG. 5. Dependence on oxidation temperature of a Raman shift and b
peak width of the Si optical phonon peak of the SiNWs synthesized at 1000
and 1200 °C, respectively. The dotted lines show the values for bulk Si. The
SiNWs were synthesized using a Si99Ni1 target.mal oxidation time was investigated at 800 and 1000 °C for
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case of oxidation at 800 °C, the optical phonon peak first
slightly shifted towards a lower wave number, then shifted
higher, and finally reached a constant value. On the other
hand, the optical phonon peak showed an increase even after
oxidation at 1000 °C for 180 min. The peak width also
showed a different dependence on oxidation time between
the case of 800 °C and that of 1000 °C. In the former, it
increased up to 60 min and reached an almost constant value,
and in the latter, it showed an increase even after oxidation
for 180 min, as well as for the Raman shift. A representative
TEM image of SiNWs thermally oxidized at 800 °C for
180 min is shown in Fig. 7c, which shows that the Si core
diameter of the SiNWs is self-limited at about 8 nm in this
thermal oxidation condition.
IV. DISCUSSION
A. Growth of SiNWs
The dependence of the diameter of the SiNWs on syn-
thesis temperature can be explained as follows. The mecha-
nism of VLS growth has been described in detail.7,8 In the
case of VLS growth of SiNWs caused by laser ablation of
Si-metal targets, first, Si atoms and metal catalysts are
evaporated by ablation. They form liquid nanoalloys by clus-
tering due to the high pressure of the inert Ar gas. The role of
metal catalysts is the key to forming liquid nanoalloys,
which act as seeds of the SiNWs, and to controlling the
diameter of the SiNWs. The growth of the SiNWs begins
FIG. 6. a Diameter of the Si core of the SiNWs estimated by TEM mea-
surements closed circles and the ratio of the diameter of the SiNWs to that
of the Si core of the SiNWs open circles as a function of the oxidation
temperature. Representative TEM images observed for b as-synthesized
SiNWs and c the SiNWs thermally oxidized at 1000 °C. d TEM image
of the SiNWs with the minimum diameter observed after thermal oxidation
at 1000 °C and e illustration of the oxidation of the SiNWs. The SiNWs
were synthesized at 1200 °C using a Si99Ni1 target.from the liquid nanoalloys after they become supersaturated
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peratures, since nanoalloys can remain in a melted state for
longer time. This leads to the formation of larger sizes of
liquid nanoalloys and ultimately to an increase in the diam-
eter of the SiNWs.
The dependence on the content of metal catalyst can be
explained as follows. The volumes of the supersaturated liq-
uid nanoalloys depend on the number of Si atoms which can
dissolve into the liquid nanoalloy before supersaturation, i.e.,
it decreases with decreased metal catalyst in the liquid
nanoalloys. Hence, the SiNWs’ diameters decrease with de-
creased content of metal catalyst.
The diameter of SiNWs is also affected by the number of
ablated atoms. The diameters of SiNWs depend on laser
power.21 The number of ablated atoms increases with in-
creased laser power. This affects the size of the supersatu-
rated liquid nanoalloys and consequently the diameter of
SiNWs increases with increased laser power. Based on these
results, SiNWs with smaller diameters can be synthesized by
decreasing the content of metal catalyst, synthesis tempera-
ture, and laser power during laser ablation.
B. Phonon confinement effect in SiNWs
The phonon confinement effect is one of the unique fu-
tures of low-dimensional structures. The phonons involved in
first-order Raman scattering have q0, where q is the wave
vector of the scattered phonon. Finite-size effects or disorder
partially relax momentum conservation and the selection rule
is relaxed. This gives a downshift and an asymmetric broad-
ening to the Si optical phonon peak.24,25
The downshift and asymmetric broadening of the Si op-
FIG. 7. Dependence of the Raman shift and the peak width of the Si optical
phonon peak of the SiNWs on oxidation time. The synthesized temperature
was set at 1200 °C and the following thermal oxidations were carried out at
a 800 and b 1000 °C. c The inset is a TEM image of the SiNWs after
thermal oxidation at 800 °C for 180 min.tical phonon peak are shown in Figs. 3–5. As shown in Fig.
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and broadens as excitation laser power increases. As previ-
ously reported by Piscanec et al.,18 this is caused by the local
heating of SiNWs in Raman measurements. Furthermore, the
degrees of both the downshift and broadening were much
more dependent on the size of the SiNWs with increasing
excitation power. This is caused by the difference in the ther-
mal conductivity among SiNWs with different diameters.
This result suggests that the effect of local heating also gives
information on the diameter of the SiNWs and their thermal
conductivities depending on the diameters. Based on these
results, to investigate the phonon confinement effect, Raman
measurements must be performed at very low excitation
powers to avoid local heating of the SiNWs.
The results in Fig. 3 show that the Si optical phonon
peak moves to lower frequencies and broadens as synthesis
temperature decreases, namely, the diameter of the SiNWs
decreases. The Si optical phonon peak also shifted towards
lower wave number and broadened after thermal oxidation at
700–800 °C, as shown in Figs. 4 and 5. In Fig. 5, the optical
phonon peak of the 1000 °C SiNWs before and after thermal
oxidation at 700 °C showed a lower shift than that seen in
1200 °C SiNWs. These are due to the increased phonon con-
finement in the SiNWs with decreasing Si core diameter.
According to the theoretical calculations based on the
phonon confinement model of Richter et al.24 and Campbell
and Fauchet,25 the Raman intensity is given by
I = C0,q2 − q2 + 0/22d3q , 1
where C0,q is a Fourier coefficient of the confinement
function, q is Si phonon dispersion, and 0 is the full
width at half maximum of the reference Si. Here, we
used the following relations, namely, C0,q2
=exp−q2d2 /162 and q= A+B cosq /20.5+D, with
A=1.7141015 cm−2 and B=105 cm−2.18 D is an adjusting
parameter to the bulk reference Si measured in this study.
The value of d corresponds to the diameter of the Si core of
the SiNWs. Furthermore, SiNWs are not spherical nanopar-
ticles but cylindrical nanowires with lengthdiameter. Con-
sidering this, d3q in Eq. 1 can be simplified to qdq. By
fitting the observed Raman spectra with Eq. 1, the diam-
eters of the SiNWs were calculated to be about 15, 12, and
9 nm for the 1200, 1100, and 1000 °C SiNWs, respectively.
Furthermore, the diameters of the 1200 °C SiNWs after ther-
mal oxidation at 700 and 800 °C were also calculated to be
about 13 and 10 nm, respectively. In the case of the 1000 °C
SiNWs after thermal oxidation at 700 °C, the diameter was
calculated to be about 8 nm. These values correspond to the
mean diameters of SiNWs without a surface oxide layer. The
calculated values for the SiNWs were in good agreement
with the values obtained by TEM observation in Fig. 6.
Hence, the relationship between the downshift and broaden-
ing of the optical phonon peak and the diameter of SiNWs is
more than adequately explained by the phonon confinement
model.
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in SiNWs
Excess oxidation causes the upshift of the Si optical pho-
non peak. This can be explained by the increase in the com-
pressive stress toward the center of the SiNWs, arising from
the expansion of the surrounding surface oxide layer.10 The
upshift of the Si optical phonon peak of the 1000 °C SiNWs
was observed from lower oxidation temperatures than that
seen in 1200 °C SiNWs, as shown in Fig. 5. This result
shows that SiNWs with smaller core diameters are more sen-
sitive to stress. The results shown in Fig. 6 show the diam-
eter of the Si core of the SiNWs to decrease with increasing
oxidation temperature, resulting in an abrupt increase in the
ratio of the diameter of SiNWs to that of the Si core of the
SiNWs after thermal oxidation at 1000 °C, meaning that the
compressive stress abruptly increases after thermal oxidation
at 1000 °C.
The effect of compressive stress on the frequency shift
of the Si optical phonon peak has been already investigated
by Mernagh and Liu in bulk Si.26 They precisely investigated
the relation between the stress and the frequency shift of the
Si optical phonon peak at RT for pressures up to 180 kbars in
a diamond-anvil cell. According to their results, the pressure
dependence of the frequency shift is expressed by
 = 0.55P − 8.66 10−4P2 , 2
where  is the frequency shift in cm−1 and p is the pressure
in kbars. Here, the frequency shift means the shift from the
value of the bulk Si. On the other hand, the downshift due to
phonon confinement effect should be considered for the es-
timation of stress in thermally oxidized SiNWs, i.e., the fre-
quency shift is not from the value in bulk Si but from the
value downshifted by the phonon confinement effect. This
makes precise stress estimation difficult. If the frequency
shift were from the lowest frequency obtained after thermal
oxidation at 800 °C in the case of 1200 °C SiNWs and
700 °C in the case of 1000 °C SiNWs, the compressive
stress in the SiNWs after thermal oxidation at 1000 °C can
be roughly estimated to be about 200 MPa in both cases.
The formation of such a highly stressed thick oxide layer
around the SiNWs decreases the oxidation rate.22,23 This ef-
fect is called self-limiting oxidation. Figures 7a and 7b
show the dependence of the Si optical phonon peak on oxi-
dation time. The Raman shift and width of the Si optical
phonon peak showed saturation after thermal oxidation at
800 °C for more than 60 min. This is explained by the self-
limiting oxidation effect caused by the compressive stress
accumulated in the SiNWs. The compressive stress induced
by thermal oxidation at 800 °C for 60–180 min is estimated
to be about 70 MPa by applying the same above-mentioned
method. In Fig. 7c, the TEM image obtained after thermal
oxidation at 800 °C for 180 min showed the Si core diam-
eter of the SiNWs to be self-limited to about 8 nm. The
result shows that the self-limiting oxidation process yields
excellent control of the diameter of the Si core of the SiNWs.
It is important to control the diameter of the Si core of the
SiNWs at the application stage, since the physical properties
of one-dimensional SiNWs closely depend on the Si core
Downloaded 09 Nov 2009 to 130.158.56.186. Redistribution subject todiameter. Hence, the self-limiting oxidation process might be
one of the most promising methods for controlling the Si
core diameter of the SiNWs.
On the other hand, both Raman shift and peak width of
the Si optical phonon peak for the 1000 °C oxidation case
showed an increase, even after oxidation for 180 min. This
result means that oxidation still progresses at 1000 °C, i.e.,
oxygen can overcome the stress and diffuse along the surface
oxide layer at this temperature. The compressive stress in-
duced by thermal oxidation at 1000 °C for 180 min is
roughly estimated to be about 350 MPa. According to previ-
ous studies on the self-limiting oxidation effect in litho-
graphically formed Si nanocolumns,22,23 the self-limiting
oxidation phenomenon occurs only at oxidation temperatures
below 950 °C. The temperature dependence of self-limiting
oxidation for the SiNWs formed by the bottom-up process of
laser ablation is in accordance with the case for lithographi-
cally formed Si nanocolumns.
V. SUMMARY
Phonon confinement and the self-limiting oxidation ef-
fect of SiNWs synthesized by laser ablation were investi-
gated. The size of the SiNWs was controlled by the synthesis
parameters during laser ablation and the subsequent thermal
oxidation. The Si optical phonon peak of the SiNWs showed
a downshift and an asymmetric broadening, due to the pho-
non confinement effect, with decreasing Si core diameter of
the SiNWs. Thermal oxidation of the SiNWs resulted in a
gradual but clearly identifiable shift and broadening of the Si
optical phonon peak with decreasing Si core diameter of the
SiNWs. The promotion of oxidation, however, induces com-
pressive stress in SiNWs, resulting in an upshift of the opti-
cal phonon peak. The formation of such a highly stressed
oxide decreases the oxidation rate due to the self-limiting
oxidation effect.
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